Abstract--In this paper, a synchronous frame control for a voltage sag/swell compensator utilizing single-phase matrix converter is proposed. First, the configuration of proposed system and its operation are described. Next, effects of the degree of voltage sag and load variation on the system stability is analyzed by transfer function. Finally, experimental waveforms for the system with proposed synchronous frame control are compared with those for the system with a stationary frame control. The results demonstrate that proposed synchronous frame control can suppress steady state error and pulsation by LC filter resonance as compared to the stationary frame control.
I. INTRODUCTION
Recently, a lot of kinds of equipments are influenced by instantaneous voltage sag because of progress of information society. The instantaneous voltage sag may give rise to serious problems in computer systems or electronic equipment. Thus, the authors have already proposed an instantaneous voltage sag/swell compensator utilizing single-phase matrix converter [1] . The matrix converter is a circuit which converts an AC voltage into any AC voltage directly. The matrix converter has some advantages such as high efficiency, compact and long lifetime compared to conventional rectifier-inverter system. However, the proposed system needs LC filters to reduce switching ripple. Therefore, compensating voltage and source current pulsate due to the filter resonance. In grid-connected inverters, methods to suppress the pulsations using feedback of filter capacitor current or filter inductor current were proposed [2] . In [3] , the authors investigated suppressing characteristics of pulsation of compensating voltage in the proposed system. It was shown that the pulsation of compensating voltage was not suppress enough for 40 % voltage swell when only the inductor current feedback was applied. The compensating voltage is regulated by proportional controller. Accordingly, the proposed system has steady state error by limited gain of the controller. In the single phase inverter, the proportional-resonant (PR) control and synchronous frame PI control were proposed to eliminate steady state error [4] .
In this paper, a synchronous frame control for the voltage sag/swell compensator utilizing single-phase matrix converter is proposed. First, the configuration of proposed system and its operation are described. Next, effects of degree of voltage sag and variation of load on the system stability is analyzed by transfer function. Finally, experimental waveforms for the system with proposed synchronous frame control are compared with those for the system with stationary frame control. The results demonstrate that proposed synchronous frame control can suppress steady state error and pulsation by LC filter resonance as compared to the stationary frame control.
II. VOLTAGE SAG/SWELL COMPENSATOR UTILIZING SINGLE-PHASE MATRIX CONVERTER
The configuration of proposed instantaneous voltage sag/swell compensator utilizing single-phase matrix converter is shown in Fig. 1 . This compensator consists of the single-phase matrix converter, two LC filters, and a transformer. The single-phase matrix converter generates compensating voltage v C from source voltage v S . Two LC filters reduce voltage ripples and current ripples. The transformer adds compensating voltage v C to the source voltage v S . Operating principle of the compensator is explained, here. When voltage sag or swell occurs, the compensating voltage v C is produced with the matrix converter. And produced compensating voltage v C is added to the source voltage v S through the transformer. As a result, the load voltage v L is kept at the load voltage reference v L *.
Next, the control method is described in detail. A synchronous frame controller in Fig.1 is proposed in this paper. A virtual orthogonal signal is needed to implement the synchronous frame controller in the single-phase system [5] . In this paper, as the orthogonal signal, a quarter cycle delayed signal is generated from the original signal. Fundamental components of source voltage, compensating voltage and inductor current are transformed into DC components by applying d, q frame transformation. The compensating voltage reference vCd* is calculated from the difference between the load voltage reference v Ld *and the source voltage v Sd , and the compensating voltage v Cd is controlled by the PI controller. The value of proportional gain was set to 0.3, integral gain was set to 150, and inductor current feedback gain K i2d was set to 1.6. And, q axis component of the compensating voltage is not controlled. Output signal from controller is compared with the triangular carrier waveform modulated by amplitude of vS. And gate signals for each switches of the matrix converter are produced. For performance comparison, the stationary frame controller used in our previous system [3] is implemented as shown in Fig. 1 . In the controller, the compensating voltage v C is controlled by the proportional controller. Gain K' is used to compensate for the steady state error of v C , and the value of the gain was set to 2. Furthermore, the value of proportional gain K was set to 1, the inductor current feedback gain K i2 was set to 5.4. Output signal of synchronous frame controller is selected as input signal of gate signal generator when S a is on. Output signal of stationary frame controller is selected as input signal of gate signal generator when S b is on.
III. SYSTEM ANALYSIS BY TRANSFER FUNCTION
In this section, the transfer function of the system is derived by state space averaging method to analyze the effects of the degree of voltage sag and load variation on the system stability. From the circuit shown in Fig. 2 , in the case that S 1 and S 4 are on, differential equations are obtained as
Compensating transformer 
where R L1 is the equivalent series resistance (ESR) of L 1 , R L2 is the ESR of L 2 , L T is the leakage inductance of the transformer, and R T is the winding resistance of the transformer. Similarly, in the case that S 2 and S 4 are on, differential equations are obtained as 
By defining a duty ratio of switch S 1 as D, matrix equation is obtained by using the state space averaging method as follows;
where
D is a control variable in A, thus, the equation (11) is nonlinear. Accordingly, the equation is linearized by breaking variables into a steady state component and a small perturbation [6] .
where 20) where T is the sampling period and the value was 100 s.
From Fig. 3 , the closed loop transfer function between v C * and v C is expressed as
Root loci, in the case that the load resistance R Load was increased from 20 to 100 , are shown in Fig. 4 . From the figure, one can find that as R Load increases, the poles move to more right. Root loci for the 10 %, 20 %, 30 %, and 40 % voltage sags occurred in source voltage v S are shown in Fig. 5 . From the figure, one can find that as source voltage v S gets close to normal 100 V rms , dominant poles move to more right. From the loot loci, it is summarized that the larger the load resistance is, the poorer the system stability is, and the smaller the variation of the source voltage is, the poorer the system stability is.
IV. EXPERIMENTAL RESULTS
In this section, experimental waveforms for the system with proposed synchronous frame control were compared with those for the system with stationary frame control. Experimental waveforms for the system with stationary frame control are shown in Fig. 6 . In the case of 40 % voltage sag for 250 W resistive load, the pulsation of load voltage in Fig. 6(a) is suppressed enough. However, the steady state error is not eliminated enough, and the pulsation of source current cannot be suppressed. Fig.  6(b) shows the waveforms for light load condition compared to the case of Fig. 6(a) . From Fig. 6(b) , it is clear that the THD of load voltage increases for the light load. Fig. 6(c) shows the waveforms for the case that the variation of source voltage is small compared to the case of Fig. 6(a) . From Fig. 6(c) , it is clear that the THD of load voltage increases when the source voltage variation is small. These experimental results match the results examined in the section III. Fig. 6(d) shows the waveforms for the case that the load is lighter and the variation of source voltage is smaller than those of Fig. 6(a) . In this case, the THD of load voltage has the worst value in Fig. 6 . Experimental waveforms for the system with proposed synchronous frame control are shown in Fig. 7. From Fig.  7 , experimental waveforms demonstrate that proposed synchronous frame control can compensate for the voltage sag with lower steady state error and lower THD of load voltage than those for the system with stationary frame control.
Next, when the 40 % instantaneous voltage sag/swell occurred, operations of the system were investigated for 250 W resistive load. Experimental waveforms for the system with stationary frame control are shown in Fig. 8 . As far as the voltage sags, the pulsation of load voltage is suppressed. However, for the voltage swells, the pulsation is not suppressed enough. Experimental waveforms for the system with synchronous frame control method are shown in Fig. 9 . For the voltage sags and swells, the synchronous frame control can suppress the pulsation of load voltage and source current better than the stationary frame control. In Fig. 9(a) , the peak value of load voltage is 137.5 V at the time after one cycle from the start of the voltage sag. In Fig. 9(b) , the peak value of load voltage is 141.0 V at the time after one cycle from the start of the voltage swell. The proposed synchronous frame control can reduce the steady state error immediately. V. CONCLUSIONS
In this paper, a synchronous frame control for a voltage sag/swell compensator utilizing single-phase matrix converter was proposed. First, the configuration of proposed system and its operation were described. Next, effects of the degree of voltage sag and load variation on the system stability was analyzed by transfer function. From the loot loci, it was summarized that the larger the load resistance was, the poorer the system stability was, and the smaller the variation of the source voltage was, the poorer the system stability was. Furthermore, experimental waveforms for the system with proposed synchronous frame control were compared with those for the system with stationary frame control. From experimental waveforms for the system with stationary frame control, it is clear that the pulsation of load voltage increases when the load is light and the variation of source voltage is small. These experimental results matched the results obtained from the loot loci. From experimental waveforms for both systems, it is clear that proposed synchronous frame control can compensate for the voltage sag with lower steady state error and lower THD of load voltage than those for the system with stationary frame control. Finally, when the 40 % instantaneous voltage sag/swell occurred, operations of the system were investigated for 250 W resistive load. The experimental waveforms, demonstrated that proposed synchronous frame control can suppress the steady state error and the pulsation by LC filter resonance better than the stationary frame control. 
